Abstract: Hepatocellular carcinoma (HCC) is the sixth most common malignancy worldwide and the third most common cause of death from cancer, after lung and stomach cancer. Hepatitis B virus (HBV) infection is closely related to HCC and is a major cause of HCC. HBV is a lysogenic virus of the hepadnavirus family. Its genome presents a slack, ring-like, double-chain structure, containing four open reading frames. The X region encodes the product HBV X protein (HBx), which is a multifunctional regulatory protein that plays an important role in intracellular signal transduction, viral genome replication and transcription, cell proliferation and apoptosis, cell cycle progression, protein degradation, and genetic stability of hepatocytes. This article summarizes the recent research on the mechanism of promotion of initiation and progression of HCC by HBx protein.
Introduction
HBV infection-caused chronic liver disease accounts for most of the chronic liver diseases, affecting >240 million people around the world [1] . Each year, about 1 million people die from liver cirrhosis and hepatoma caused by chronic HBV infection [2] . HBV infection is mainly prevalent in Asian countries, such as China, Japan, and South Korea [3] . In China, HBV infection is a serious public health problem. It is estimated that up to 93 million people are infected, and HBV-related liver cirrhosis and hepatoma resulted in 300,000 deaths every year [4] . Therefore, it is extremely important to study the mechanism of promotion of initiation and progression of hepatoma by HBV. HBx protein is one of the products of the HBV genome. Recent studies have found that HBx protein has great effects on the biological behaviors of hepatocytes and hepatoma cells, and that it plays important roles in promoting the initiation and progression of hepatoma, thus holding promise to becoming a new molecular target in hepatocellular carcinoma (HCC) therapy.
Mechanisms of the pathological functions of HBx protein

HBx protein promotes the malignant transformation of hepatocytes
During the initiation and progression of HCC, microRNAs (miRNAs or miRs) miR-16/15a act as tumorsuppressive molecules [8] . Their overexpression can inhibit cell proliferation, clonal formation, and anchorage-independent growth abilities. Their silence can promote cell cycle progression and cell growth. After transfection into hepatocytes, HBx protein upregulates the expression of c-myc, which downregulates the expression of miR-16/15 and then induces a series of malignant behaviors, such as proliferation, migration, and invasion of hepatocytes [8] . It can be seen that changing miRNA expression is an important mechanism by which HBx protein promotes the malignant transformation of hepatocytes.
Alpha-fetoprotein (AFP) is a protein expressed early in HCC. Xia et al. [9] found that in the HBx-induced hepatocyte malignant transformation process, HBx promoted the expression of AFP in hepatocytes. The AFP then stimulated the expression of some protooncogenes in hepatocytes by activating the phosphatidylinositol-3 kinase (PI3K)/protein kinase -A (AKT) signaling pathway. Subsequently, intracellular apoptosis signals were inhibited and growth signals were activated, resulting in the survival of the HBV-infected hepatocytes in the body [9] . In addition, the HBx-induced overexpression of AFP in hepatocytes can stimulate the body to produce inflammatory cytokines, especially interleukin-6 (IL-6). During the process of chronic inflammation stimulation, IL-6 induces the reprogramming of hepatocytes to liver stem cells through an autocrine effect. Considering that AFP also activates the PI3K/AKT signal to stimulate the expression of some protooncogenes, HBx may induce the transformation of liver stem cells to cancer stem cells [9] .
HBx protein promotes the proliferation of hepatoma cells
The tumor-suppressive gene p16 is a negative regulator of cell cycle and cell growth. It encodes a cyclin kinase inhibitor, which decreases the phosphorylation level of retinoblastoma (Rb) protein by binding to and inhibiting the cell cycle-dependent protein kinases CDK4 and CDK6. The silencing of p16 gene expression can lead to the unlimited proliferation of cells [10] . Kang et al. found that transfection of HBx into HepG2 cells induced methylation of some CpG sites in the promoter region of the tumor-suppressive gene p16, then downregulated the expression of p16 gene, and ultimately significantly enhanced the proliferation ability of hepatoma cells [11] . Xu et al. found that HBx and the C-terminal 50-amino acid-deletion mutation of HBx promoted the proliferation of hepatoma cells and that this promoting effect might be mediated by inhibition of the expression of p16 gene. Thus, the amino terminal of HBx protein may be an important functional area for HBx to regulate the cell cycle and promote the proliferation of hepatoma cells [12] .
The Wnt/β-catenin pathway is involved in many physiological processes, such as embryonic development. Its abnormal activation leads to initiation and progression of HCC by promoting cell proliferation and increasing the levels of angiogenesis factors, such as matrix metalloproteinase 2 (MMP2) and vascular endothelial growth factor (VEGF)-A [13] . Zheng et al. found that HBx protein can upregulate both mRNA and protein levels of b-catenin in hepatoma cells, activate the Wnt/β-catenin pathway, and thus promote the proliferation of hepatoma cells [14] .
The HBx protein also acts on the mitochondria in the hepatocyte. It has been reported that HBx protein can change the structure of the calcium ion channel on the membrane of mitochondria to increase the concentration of calcium ion in the cytoplasm, thus initiating the proliferation of HBV [15] . Duan et al. found that HBx protein can increase intracellular oxidative stress and activate the transcription factors signal transducer and activator of transcription (STAT3), nuclear factor kappa B (NFκB), and other factors by causing mitochondrial damage, which results in the acceleration of hepatoma cell proliferation [15] .
Long noncoding RNA high expression in HCC (lncRNA-HEIH) is a carcinogenic lncRNA overexpressed in hepatoma. It accelerates the malignant progression of hepatoma by promoting the abnormal proliferation of hepatoma cells [16] . Hu et al. found that HBx can promote the proliferation of hepatoma cells by enhancing the expression of lncRNA-HEIH [16] .
HBx protein inhibits apoptosis of hepatoma cells
Zhu et al. cotransfected HBx and RNA polymerase II subunit 5 (RPB5)-mediated protein (RMP) into Hep G2 cells and found that the cells coexpressing the two factors showed remarkably decreased apoptosis rate; significantly downregulated expression of Bax, caspase3, and p53; and significantly upregulated expression of the apoptosis inhibitory gene Bcl-2 [17] .
There are three main unfolded protein response pressure sensors during endoplasmic reticulum (ER) stress, namely, protein kinase R (PKR)-like ER kinase, inositol-requiring enzyme 1α, and transcription factor activating transcription factor 6 (ATF6) [18] . HBx protein directly interacts with glucose-regulated protein 78 kD (GRP78) in ER, which inhibits eukaryotic translation initiation factor 2 (eIF2) alpha phosphorylation and ATF4/CCAAT-enhancer binding protein homologous protein (CHOP)/B-cell lymphoma 2 (Bcl-2) expression, and decreases polyribosomal poly(ADP-ribose) polymerase 1 (PARP-1) and gamma H2AX expression, thereby reducing hepatoma cell apoptosis.
The amino acid transporter gene is a target gene of miR-122. The overexpression of cationic amino acid transporter 1 (CAT-1) gene can inhibit the apoptosis of hepatocytes. HBx can upregulate CAT-1 expression by downregulating miR-122 expression and, ultimately, inhibit the apoptosis of hepatocytes infected with HBV [19] .
HBx protein promotes the migration and metastasis of hepatoma cells
Epithelial-mesenchymal transition (EMT) is an important biological process for the proliferation and invasion of malignant tumor cells derived from epithelial cells. Lv and Zhao showed that HBx transfection induced EMT in Hep G2 cells by increasing the activity of cellular sarcoma (c-Src), thereby promoting the migration and invasion of hepatoma cells [20] . Transfecting HBx into SMMC7721 cells significantly upregulated p-NF-κB, p-janus kinase (JAK)2, and p-STAT3 levels and thus activated the JAK/STAT signaling pathway. This effect increased the expression level of programmed death-ligand 1 (PD-L1) on the cell surface, induced EMT in hepatoma cells, and enhanced the migration and invasion abilities of hepatoma cells [21] . A study also found that HBx may play a role in HCC through PD-L1. HBx influences cell viability, migration, and invasion of HCC via PD-L1 HCC cells [22] .
Carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1), a transmembrane glycoprotein, is a member of the carcinoembryonic antigen (CEA) family. CEACAM1 acts as a tumor-suppressive gene in the initiation and progression of HBV-related HCC. Ma et al. found that HBx promotes the invasion and metastasis of hepatoma cells by inhibiting the expression of CEACAM1 [23] .
HBV X-interacting protein (HBXIP) is a highly conserved protein that is widely expressed in adult tissues and is named for its interaction with the HBx protein [24] . The study of Zhang et al. showed that HBXIP is highly expressed in HCC tissues, and its expression is positively related to that of HBx. HBx significantly increases the protein expression of HBXIP by enhancing the activity of its promoter, which promotes the metastasis of hepatoma cells [24] .
Zhang et al. found that downregulated expression of F-actin-capping protein subunit beta (CAPZB) in HCC was related to the deletion of the carboxy terminal of HBx protein and correlated with intrahepatic metastasis [25] . Carboxy-terminal-truncated HBx protein (Ct-HBx) can promote the formation and metastasis of HCC by suppressing CAPZB expression in HCC, which suggests that CAPZB may be involved in the mechanism of Ct-HBx-mediated HCC progression.
HBx protein stabilizes HBV DNA in hepatoma cells
The expression of male-specific lethal 2 (MSL2) protein has been proved to be positively related to HBV infection and is related to the signal pathway associated with viral infection. MSL2 can regulate the level of APOBEC3B ubiquitination by acting as an E3 ubiquitination ligase, which promotes its degradation in hepatoma cells and thus enhances the stability of HBV covalently closed circular DNA (cccDNA) [26] . Gao et al. found that HBx upregulated the transcription of MSL2 gene by promoting the binding of FoxA1 to MSL2 promoter area in hepatocytes. The upregulated expression of MSL2 considerably increased the stability of HBV cccDNA, promoted the HBV life cycle, and accelerated the progression of HCC [26] . Interfering with MSL2 expression effectively inhibited the proliferation of hepatoma cells in vivo and in vitro. Therefore, HBx protein can promote the progression of HCC by enhancing the stability of HBV cccDNA in HCC cells through activation of the positive feedback loop of HBx/MSL2/HBV cccDNA/HBV [26] .
Conclusion
HBx protein plays an important role in the initiation and progression of HBV-related HCC. Elucidating the action mechanism of HBx is very important to explore the pathological mechanism of HCC. The development of new antihepatoma strategies and novel antihepatoma drugs targeting HBx protein will be of huge benefit to the therapy of HCC.
